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Abstract 

Modeling the qubit by a two-level semiclassical detector coupled to a massless scalar field, we 
investigate how the Unruh effect affects the nonlocality and entanglement of two-qubit and three- 
qubit states when one of the entangled qubits is accelerated. Two distinct differences with the 
results of free field model in non-inertial frames are (i) for the two-qubit state, the CHSH inequality 
can not be violated for sufficiently large but finite acceleration, furthermore, the concurrence will 
experience "sudden death" ; and (ii) for the three-qubit state, not only the entanglement vanishes 
in the infinite acceleration limit, but also the Svetlichny inequality can not be violated in the case 
of large acceleration. 
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I. INTRODUCTION 



The well known EPR paradox |Q], which is presented by Einstein, Podolsky and Rosen, 
have triggered a long-time debate on quantum mechanics versus classical local realism. 
Fundamentally different from classical correlations, the quantum theory allows correla- 
tion between spatially separated systems. However, the Clauser-Horner-Shimony-Holt 
(CHSH)inequality which places an upper bound on the correlations compatible with 
classical local realistic theories, provides a way of experimentally testing the local hidden 
variable model (LHVM) as an independent hypothesis separated from the quantum formal- 
ism. It was proved that all pure entangled states of two qubits violate the CHSH inequality, 
and the amount of violation increases as their entanglement increase For three-qubit 
states the Svetlichny inequality (4] can be used to check tripartite nonlocal correlations in 
the similar way. It has recently been shown that a class of generalized GHZ (GGHZ) states 
do not obey the Svetlichny inequality until their three-tangle is less than 1/2, while another 
set of states known as the maximal slice states do violate the Svetlichny inequality, and the 
amount of violation increases as the degree of entanglement increases [5|. 

It is well known that quantum mechanics and relativity theory play very important roles 
in modern physics. In order to be closer to the practice, a number of authors considered 
the effects of relative motion on entanglement and quantum information protocols not only 



for inertial observers 



n 



but also for accelerated systems |9Mllj]. Especially, the extension 
of quantum information theory to non-inertial setting related to the Unruh effect 12j has 
recently been a fascinating field and attracted much attentions 13H21]. Due to the ther- 
mal radiation of Rindler particles, it was found that the degree of entanglement, from the 
non-inertial observers, degrades for both Bosonic 



viewpoint o: 



11 



13 



17 



10 



18 



131 ] and Fermionic fields 



2l|. However, the remarkable different between these two entanglement in 



the non-inertial frames is that Fermionic entanglement persists for any accelerations, while 
Bosonic entanglement vanishes in the infinite accelerations limit. And it is thought that the 
difference directly derives from two different statistics (Boson-Einstein statistic and Fermi- 



Dirac statistic' 



221 ] . Besides, in order to further understand the fundament of quantum 



mechanics, nonlocality of quantum states has been given attentions 



23 



25] as well. N. Friis 



et al. pointed out that the residual entanglement of accelerated fermions is not nonlocal 



231 ]. and A. Smith et al. studied the tripartite nonlocality and showed that the Svetlichny 



2 



can be violated for any finite values of the acceleration 24 1. 

Although the entanglement and nonlocality of free fields without the influence of external 



forces 



11, 


13 


26 
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rave been investigated much from the view of uniformly accelerated observers 



B- 



251 ]. it is worthy to note that the process used before has some conceptual difficulties 



261 ] . Especially, the Unruh modes used in previous articles are spatial delocalized, so can 



not be measured. Furthermore, from the perspective of inertial observer they are highly 
oscillatory near the acceleration horizon, which implies that they are physically unfeasible 
states. To avoid these problems, in this paper the nonlocality and entanglement of two- 
qubit and three-qubit states are studied in a quite different way. We model the considered 
qubits by two-level semiclassical detectors coupled to the massless scalar field, and compare 
our results with that of free field model. We find that the sudden death of entanglement 
occurs for two-qubit state, and for three-qubit state the entanglement vanishes in the limit 
of infinite acceleration. Moreover, their nonlocal correlations vanish for finite values of the 
acceleration. These results demonstrate that the loss of information, due to the influence of 
external force, is enhanced in our model. 

The paper is structured as follows. In Sec. [TTlwe simply introduce the model of accelerated 
qubit. In Sec. IHII the nonlocality and entanglement of the two-qubit and three-qubit states 
when one of them accelerates are studied. The last section is devoted to a brief summary of 
our paper. 



II. MODEL FOR THE ACCELERATED QUBIT 
A. Qubit-field interaction Model 

We use two-level semiclassical Unruh-Dewitt detectors as our qubit modelfmore details 

n 

have been analysed in Ref. |27|). It is classical in the sense that it possesses a well-defined 
classical world line while quantum because its internal degree of freedom are treated quantum 



mechanically. As introduced by Unruh and Wald 28|, |29|], we also assume that the energy 



gap of this two-level detector is Q, and then its proper Hamiltonian is give by 

H D = ttD^D, (1) 

where D and denote the lowering and raising operators of the qubit, i. e., D\0) — D^\l) = 
0, D\\) = |0) and D'\0) = |1). Here |0), |1) are the corresponding unexcited and excited 



energy eigenstates. 

Assuming that the qubit interacts with a real, massless scalar field <fr, accordingly, the 
interaction Hamiltonian is 

Hj = e(t) J d 3 xv^0(x) fy(x)D + ^(x)£ f ] , (2) 



where the integration is over the global spacelike Cauchy surface = {t = const} in 
Minkowski spacetime, and the real-valued function e denotes the coupling constant which 
is introduced to keep the detector switched on within a finite interval in t of duration A 
and switched off outside that interval. The smooth function ip, which vanishes outside a 
small volume around the qubit, models that the detector only interacts with the field in a 
neighborhood of its world line. Therefore, the total Hamiltonian can be represented as 

H = H D + H KG + H h (3) 

where Hkg is the free scalar field Hamiltonian. It is well known that evolution of the total 
system including detector and external field obeys Schrodinger equation, so by using the 
interaction picture and taking the fist perturbation order the final state of the qubit-field 



system is give by 



27 



= (/ + a\\)D - aCA)^)!^), (4) 



where |^oo) and l^-oo) denote the final and initial state, respectively. The modes A satisfy 
A = —KEf with the testing function / = e(t)^(x)e -im , here K is an operator that takes 
the positive frequency part of the solutions of the Klein-Gordon equation with respect to 
the timelike isometry, and Ef is given by 

Ef = J dVV=^[G"*(x )a - G ret (x,x')]f(x'), (5) 

where G adv and G ret are the advanced and retarded Green's functions, respectively. Seen 
from equation PJ, it implies that the excitation and de-excitation of an Unruh-DeWitt 
detector that follows a timelike isometry is associate with the absorption and emission of 
a particle as "naturally" defined by observers co-moving with the detector. The detector 
considered here is modeled flips once or none at all. 
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B. Observers and the Unruh effect 



Our model can be constructed as following: two qubits, which have no interaction, are 
shared by Alice and Bob. Alice's qubit is kept inertial, while Bob's qubit has a constant 
proper acceleration a along the x axis for the finite amount of proper time A, accordingly. 
Bob's world line is given by 

t{r) = a~ sinhar, x(t) = a -1 cosh ar, 

y(r) = z(t) = 0, where r is the qubit proper time and (t,x,y,z) are the usual Cartesian 
coordinates of Minkowski space-time. If the detector is assumed be localized, we can choose 
the Gaussian ^(x) = (k\Z2tt)~ 3 exp(— x 2 /2k 2 ) with variance k = const <C fi _1 to realize it. 
And it is important to note that k = means our detector is the point detector. 

Let us consider a complete system consisting of the detectors and the external scalar 
field, which is denoted by 

l< B0 > = K B ) ® |0a/> 

= ^(|0a> ® \1b) + I U) ® | Ob)) ® |0 M ) (6) 

where the subscripts A and B label Alice's and Bob's qubit, respectively, and |0m) corre- 
sponds to Minkowski vacuum of the scalar field. 

Our detectors are designed that Alice's qubit is consistently switched off while Bob's 
qubit is kept switched on only during the nonzero time interval A along which it interacts 
with the field through the effective coupling parameter v 2 [see below] . Therefore, to describe 
the interaction between Bob's qubit and field, we should take the interaction Hamiltonian 
shown in Eq. (j2J) (with D — > B and t — > r). And combining with the free Hamiltonian for 
each qubit given by Eq. (QQ) (with D — y A, B), it is easy to obtain the total Hamiltonian of 
the complete two-qubit system interacting with the field 

H = H A + H B + H KG + Hj. (7) 

Substituting \l/_oo of Eq. (J4j) with the initial state (jSJ), the final reduced density matrix 



5 



is obtained after tracing out the field degree of freedom 

S 2 

S S 

So S 

_ Si 

where we have used the basis 



AR 

roc 



(8) 



and 



{|0 A > ® |0 B ), |U) ® |0 B ), |0a) ® |U) <8> |1b)}, 



So 
Si 

s 2 



2(l-g) + z/ 2 (l + g)' 
z/ 2 g 

2(l-g) + z/ 2 (l + g)' 
z/ 2 

2(l-g) + z/ 2 (l + g)' 



with the parametrized acceleration q = e~ 2nn ^ a and the effective coupling v 2 = ||A|| 2 = 
££^_ e ~n 2 K 2 _ Obviously, g is a monotonous function of the acceleration a. Especially, g — > 
means zero acceleration, while g — > 1 denotes the asymptotic limit of infinite acceleration. 

It is easy to obtain the final reduced density matrix of the Alice-Bob system when q — > 1, 
which is 



p AB \ 

TOO 



-(|0a0 b )(0 a b | + |1 a 1b)<U1 B |). 



(9) 



Iq->1 2 

Noting that the detector is allowed to be flipped only once or never [! 

from the asymptotic state ([9]) that in the infinite acceleration limit Rob's detector must 

necessarily flip, i.e., no flip is not an option in this case. 

Analogously, we can also use a three-qubit state as the initial state, for an example, the 
GHZ state. Then the total state of the qubits and field is given by 



\SuABC<t> 



i*r°>®io w > 

■^(M <8> |0 B ) ® |0 C ) + | 1a) ® | Is) ® |lc)) ® |0 M ). 



(10) 



As we have assumed before, there is no interaction between qubits, and only the qubit 
possessed by Charlie can interaction with the external field. Therefore, using Eq. (HI) to 



6 



evolute the state (fTUI) and tracing out the field degree of freedom, we eventually obtain 



ABC 
roo 



(11) 



S S 
0^ 
000000 
000000 
000000 
000000 
S 2 
So So 

And when q — > 1, the final reduced density matrix of Alice-Bob- Charlie system turns out to 
be 



ABC\ 
roo 



-(\0 a b 1 c )(0a0b1c\ + Mb0c)<1a1b0 



2 V | w ^l w -D -"-O / \"/l"D J -ly | J -^i J -_D^O/ \ -"-^1 -"--D W C | J * (1^) 

We can also see from Eq. (1121) that in the infinite acceleration limit Charlie's detector must 
necessarily flip. 



III. NONLOCALITY, ENTANGLEMENT AND THE UNRUH EFFECT 

The well-known CHSH inequality is shown to be both necessary and sufficient conditions 
for the separability of a two-qubit pure state. Usually the corresponding Bell operator for 
the CHSH inequality is defined as 

F = AB + AB' + A'B - KB'. 

To calculate the expectation of F simply, we use the Pauli matrices = (a x , u y ,u z ) and unit 
vector n = (sin 6 cos 0, sin 6 sin 0, cos 6) to represent the observables such as A = it ■ a and 
A' = ~ct' ■ . By assuming that B + B' = 2D cos and B — B' = 2D' sin 0, the expectation 
of corresponding Bell operator is 

F(p) = Tr(pF) 

= (AB) + (AB') + (A'B) - (A'B') 
= (A(B + B')) + (A\B-B')) 
= 2((AD)cos0+ (A'D')sm(f)) 

< 2((AD} 2 + (A'D 1 ) 2 ) 1 ' 2 (13) 
7 



where an inequality x cos 6 + y sin 6 < (x 2 + y 2 ) 1 ^ 2 was used. For any mixed two-qubit state 
p, the expectation value satisfies 

|F(p)K2 (14) 

if p admits local hidden variable model. And the violation of it implies the state is entangled. 

Analogously, for the three-qubit system, the Svetlichny inequality is used to check the 
nonlocality, and the Svetlichny operator is defined by 

S = ABC + ABC' + AB'C - AB'C + A'BC 

-A'BC - A'B'C - A'B'C. (15) 

We also use Pauli matrices and unit vector to represent the observables, the expectation 
value S(p) can be written as 

S{p) = 2[cos6((ADC) - (A' DC')) + sin0((AD'C") + (A'D'C))} 

< 2[((ADC) 2 + (AD'C') 2 ) l/2 + ((A'D'C) 2 + (A'DC') 2 ) 1/2 ]. (16) 

For any three-qubit state, the expectation value is bounded by the Svetlichny inequality: 
^(p)! < 4 if a theory is agree with a hybrid model of nonlocality realism. 

In this paper we use concurrence to quantify the entanglement of two-qubit states. For an 
X-type state, there is a simple closed expression for the concurrence present in all bipartitions 

H 

C(p)=max{0,A 1 (p),A 2 (p)}, (17) 

with Ai(p) = |/0i4 1 — v /p 2 2P33 and A 2 (p) = |p 2 3| — ^PnPu, within them pij is the element of 
density matrix. 

For tripartite systems, in order to get a easy calculation, here we adopt the three-7r 



introduced in 31| as the quantification of the tripartite entanglement. It is defined as 



with 



'"'ABC 


K 

= ~^A 






(18) 


ir A = 


JV A(BC) 


- Kf 2 
J ^AB 


-Kc 




n B = 


Kf 2 

JV B(AC) 


-ML 


-m 2 bc 




7l C = 


Kf 2 

JV C{AB) 

8 


-Ml A 




(19) 



called the residual entanglement, where Ma{bc) = IIPabcII — 1 anc ^ Nab denote the negative 
of the state Pabc an d subsystem pab = Tr c (pABc)i respectively. Within them the trace 
norm ||i?|| is given by||i?|| = Try/Rffl. 



A. Nonlocality and entanglement for two-qubit state 

Firstly, let us proceed to analyze the behavior of nonlocality for two-qubit initial state in 
Eq. 06]). After the interaction between the second qubit and external field, the initial state 
evolves to Eq. (jSJ), then we have 

(AD) = S 2 cos 9 a cos 9 d + S (- cos 9 a cos 9 d + sin 9 a sin 9^-^-^) 
+5*0 (sin 9 a sin 6 d e i{4>a ~' i ' d) - cos 9 a cos 9 d ) + Si cos 9 a cos 9 d 
= (1 - 4S ) cos 9 a cos 9 d + 2S sin 9 a sin 9 d cos(0 a - <p d ) 
< [(l-45 ) 2 cos^ + 45 2 sin^]V2 

= {[(1 - 45 ) 2 - AS 2 ] cos9 2 + ASl]Y' 2 . (20) 



From Eq. (El and Eq. fl20D we get 

F(pt B ) < 2{[(1 - 45 ) 2 - 45 2 ](cos^ 2 + cos£ 2 ,) + 85 2 } 1 / 2 , (21) 

so the maximal expectation value F max (p) is given by 

F max {pi B ) = max{4v / 25 , 2[(1 - 4,So) 2 + 4S 2 ] 1 / 2 }. (22) 

Assuming k = in u 2 , that is to say, our detector is a point detector. In Fig. [TJ we plot 
the maximal expectation value F max {p^) as functions of the parametrized acceleration q 
for some fixed values of v 2 as well as the effective coupling v 2 for some fixed values of q. It is 
shown that: (i) Although F max (p^) is not the monotonous function of q and z/ 2 , the amount 
of violation of the Bell inequality decreases monotonously when q or v 2 increases; (ii) for 
null acceleration (q — > 0) the maximal expectation value also decreases with the increase 
of time of interaction between Bob's qubit and external field. This is because that even 
inertial detectors have a nonzero probability of spontaneously decaying with the emission of 
a Minkowski particle that carries away some information; and (iii) unlike the results in Ref. 



231 ] , which demonstrated that the maximally possible value of Bell operator is not smaller 



than 2 until the acceleration arrives at the infinity limit. However, in our paper, when 



< q < q sc , p°£ B violates the CHSH inequality , which means that quantum correlation 
exists, and for q > q sc the maximal expectation values are less than 2. We show that 

q "=2V2-2 + ^ (23) 




0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.S 1.0 



FIG. 1: (color online) The maximum expectation value of Bell operator F as a function of 
parametrized acceleration q (the left one) and effective qubit-field coupling parameter v 2 (the 
right one) for the evolved state ([8j). Above the red solid line means that the Bell inequality is 
violated, and correspondingly the entanglement exists. 

It is necessary to note that the loss of information for free field model and detector model 
has different physical underpinnings. For free field model, a communication horizon appears 
from the perspective of the accelerated observer. As a results of that, the observer has no 
access to field modes in the causally disconnected region, so must trace over the inaccessible 
region, which will results in a loss of information and a corresponding decrease of nonlocal 
correlation. For two-level semiclassical detector model, due to the interaction between the 
qubit and external field, the information between the two-qubit system flows from qubits 
system to qubit-field system, and the nonlocal correlation correspondingly decreases. Fur- 
thermore, a qubit accelerated will be influenced by some external force, thus the higher 
acceleration is, the more information loses. The reason is that, for higher acceleration, the 
Unruh thermal bath contains more particles with proper energy Q which are able to interact 
with the detector. 

Next we discuss how the Unruh effect affects the entanglement quantified by concurrence. 
By using Eqs. (IE]) and ( IT71) . it is easy to obtain 

CCO = So~ (24) 
10 



In Fig. [2j the concurrence is plotted as functions of q and v 2 . It is shown that: (i) although 
for null acceleration the concurrence also decays with the increase of z/ 2 , as presented above, 
the inertial detector also have nonzero probability of spontaneously decaying (along the 
nonzero time interval A) with emission of a Minkowski particle, that induces the loss of 
information. However, when we let the detector switch off [y 2 = 0), the concurrence, no 
matter how high the acceleration is, stays 1; (ii) the concurrence monotonically decreases 
to zero with the increase of q and v 2 . This is because the interaction, from the point of 
non-inertial observers, occurs between Bob's qubit and the Unruh thermal bath of Rindler 
particles that they experience when the field is in the Minkowski vacuum. Now we switch 
back to the inertial observers' perspective, the entanglement is carried away by the scalar 
radiation emitted by the accelerating qubit when it suffers a transition; and (iii) for a 
fixed acceleration time interval A the two qubits completely lose their entanglement for any 
acceleration q > q sd with 

1 



^ = -(2 + ^-^4 + 4 (25) 



that is to say, state p^ 8 is separable when q > q S( i. 



10 



111, 



Obviously, this results is quite different from that obtained in previous papers 
which showed that: (i) as long as the acceleration does not equal to zero, entanglement must 
decay; (ii) entanglement persists for any finite accelerations, even for Bosonic fields, it will 
vanishes only in the infinite acceleration limit. 

Finally let's compare entanglement with quantum discord and discuss the relation be- 



tween it and nonlocality. According to the definition of quantum discord 
get the quantum discord of the evolved state ([S]) 



32|| , it is easy to 



D(pt B ) = min{25 , S(p A ) - S(pi B ) - \ log 



\v\og 



i - r 
l + r 



}, (26) 



where Y 2 = (S 2 — Si) 2 + 4S* 2 , and S(p) is von Neumann entropy with p A = Tr B (p^f). 

In Fig. [31 by fixing effective coupling parameter z/ 2 , we plot the quantum discord and 
concurrence with the increase of parametrized acceleration q. It is shown that the quantum 
discord still persists although the concurrence vanishes, this suggests that the quantum 
discord is more robust than entanglement. Furthermore, We find lim g _>.i D(p^) = 0, which 
means the evolved state (jSj) is a classical state in the infinite acceleration limit, all the 
quantum correlation between qubits is carried away. This result is different from that of 

11 




FIG. 2: (color online) Concurrence C(p^) as a function of parametrized acceleration q and effective 
qubit-field coupling parameter v 2 for the evolved state ([8]). 



free fielc 
field [34] 



model, which shows that the quantum discord of both Dirac field 33] and Bosonic 
does not vanish in the infinite acceleration limit. 
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FIG. 3: (color online) Concurrence C(p^) (the left one) and quantum discord D(p^) (the right 
one) as a function of parametrized acceleration q for the evolved state ([8]). 



The Eqs. (1231) and (125^) are plotted in Fig. |U which shows that the states in region I 
violate the CHSH inequality (TBI) , that is to say, the states are entangled. In contrast to 
that, the states in region II satisfy the CHSH inequality (1141) while still have entanglement at 
the same time. Thus, the CHSH inequality ffT4"|) can not detect entanglement of such states. 
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However, the states in region III are separated, and they satisfy the CHSH inequality (fl4j) . 
Therefore, we arrive at the conclusion that the state violating the CHSH inequality must be 
entangled, while the entangled state may not violate the CHSH inequality. 
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V 

FIG. 4: (color online) q sc (condition to satisfaction of Bell inequality) and q sd (condition to sudden 
death of concurrence) as a function of effective qubit-field coupling parameter v 2 for the evolved 
state ©. 




B. Nonlocality and entanglement for three-qubit state 

We study the nonlocality and entanglement of three-qubit state fill I) in this subsection. 
The first term in Eq. (JT6J) with respect to this state is given by 



{ADC) = (S*2 — Si) cos 9 a cos 9 d cos 9 C + 2So sin 9 a sin 9d sin 9 C cos(0 a + (fid + <fic) 

< [{S 2 - Si) 2 cos 2 9 a cos 2 9 d + 4S 2 sin 2 9 a sin 2 9 d ] 1/2 . (27) 



Thus, from Eqs. ( 1161) and (1271) . we get 

S(pi BC ) < 2{[(S 2 - Si) 2 cos 2 9 a (cos 2 9 d + cos 2 9 d ,) + 4S 2 sin 2 ^ a (sin 2 9 d + sin 2 9 d ,)]^ 2 

+[(52 - Si) 2 cos 2 ^(cos 2 9 d + cos 2 9 d >) + 4S 2 sin 2 ^(sin 2 9 d + sin 2 9 d ')] 1/2 }, (28) 



combining with the condition cos 2 6 d + cos 2 9 d ' < 1 and sin 2 9 d + sin 2 9 d ' < 2 35(, and then 
it is easy to get the maximal expectation value 

S max (pt BC ) = max{4|S 2 - S^Sv^So}. (29) 
13 



Fig. [5] plots the maximal expectation values as a function of q and v 2 . For one hand, 
the maximal expectation values for the fixed v 2 decrease as q increases, which implies that 
the acceleration of Charlie's qubit can induce the decrease of the expectation values. This 
is because the interaction between Charlie's qubit and Rindler particles can makes the 
information flow from the detector's qubits to the system of qubit plus the external field. 
For the other hand, although for the zero acceleration case (q — > 0) the maximal expectation 
values also decrease as the time of interaction between Charlie's qubit and external field 
increases, which means that although without the effect of Unruh effect the interaction 
between Charlie's qubit and Minkowski field also transports information away from qubits 
system. Of course, with the effect of Unruh effect, the decrease of the expectation values is 
more obviously. We note that for q > q sc , p^ c does not violate the Svetlichny inequality, 
and q sc is given by 



2^2-2 



2y/2-2±M 2 



(30) 



Which is different from previous results in Ref. 24[, where the maximal expectation value 
for the tripartite GHZ state is always bigger than 4 at any finite acceleration, and it is a 
constant 4\/2 when the acceleration is zero. 
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FIG. 5: (color online) The maximum expectation value of Svetlichny operator S as a function of 
parametrized acceleration q (the left one) and effective qubit-field coupling parameter v 2 (the right 
one) for the evolved state Above the red solid line means that the Svetlichny inequality is 

violated, and correspondingly the entanglement exists. 



From the definition of tripartite entanglement ( 1T81) and (119p . it is easy to obtain 



■^A(BC) 
Kf 2 



Kf 2 



AS 2 , 



SI + S 2 



q2 
D 



(31) 
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and 

= Ka = 0, Kc = Ml a = 0, Kc = Mcb = 0- (32) 

From Eqs. (13TT) and fl32l) we know that the tripartite entanglement vanishes in the infinite 
acceleration limit (q — > 1). Moreover, there is no entanglement for arbitrary reduced bipar- 
tite state of the tripartite GHZ state, which means that the acceleration doesn't generate 
bipartite entanglement and doesn't effect the entanglement structure of the quantum states 
in this system too. 

In Fig. El tripartite entanglement is plotted, which shows that the three- 7r habc decreases 
with the increase of the acceleration q and time interval v 2 of interaction. However, the 
tripartite entanglement persists for any finite q and u 2 , it is unlike the bipartite entanglement 
which occurs sudden death. Therefore, we argue that three-qubit systems are better than 
two-qubit systems to perform quantum information processing tasks in accelerated frames. 
Besides, although Charlie's qubit is inertial (q — > 0), with the increase of v 2 the three- 7r 
decreases as well. However, if v 2 = the tripartite entanglement stays 1 no matter what 
the acceleration is. 
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FIG. 6: (color online) The three-7r as a function of parametrized acceleration q and effective qubit- 
field coupling parameter v 2 for the evolved state 
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I t is interesting to note that our results are quite different from the conclusions in Ref. 
^jvhich showed that the tripartite entanglement, no matter for Dirac 1^| or Bosonic 



fields 



361 ] . persists for any accelerations. 
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In order to further understand the nonlocality and entanglement of the three-qubit state, 
in the following we study the relation between entanglement and nonlocality. From above we 
know that the tripartite entanglement persists for any finite acceleration q and time interval 
v 2 . However, if and only if q < q sc the state can violate the Svetlichny inequality. In 

Fig. [7J we plot q sc as a function of v 2 . It is shown that states in region I always violate the 
theory of local realism, while those in region II obey the Svetlichny inequality although the 
tripartite entanglement of these states exists. Thus, we arrive at the conclusion that the 
tripartite state violating the Svetlichny inequality must be entangled, while the entangled 
tripartite state may not violate the Svetlichny inequality. 
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FIG. 7: (color online) q sc (condition to satisfaction of Svetlichny inequality) as a function of effective 
qubit-field coupling parameter v 2 for the evolved state (TiT|) . 

As seen above, although we study quantum information between relatively accelerated 
observers like previous papers, our results are different form that of them in the enough 
large acceleration limit. These differences result from different models used, and these two 
models have different physical underpinnings explained above. Because the detector model 
used in the paper avoids the problems suffered by free field model which are introduced 
in introduction, it is believed that the results obtained by the detector model are more 
physical and corresponds to the reality further. Its results suggest that the entanglement in 
accelerated quantum systems may not survive in the enough large acceleration limit. 
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IV. CONCLUSIONS 



In this paper, we have studied the nonlocality and entanglement of two-qubit and three- 
qubit states when one of these qubits accelerates. Because of the interaction between qubit 
and Minkowski external field (for the inertial case) or Rindler particles (for the accelerated 
case), the information of the qubits system lost. It is shown that: (i) the higher the accel- 
eration is, the more difficult the violation of the CHSH inequality for two-qubit state and 
Svetlichny inequality for three-qubit state becomes; (ii) with the increase of acceleration the 
entanglement of both the Bell state and GHZ state decrease. Furthermore, the bipartite 
entanglement occurs sudden death, while the tripartite entanglement persists for any finite 
accelerations; and (iii) for the two-qubit and three-qubit system, we demonstrate that the 
violation of the CHSH and Svetlichny inequality is only a sufficient condition for the genuine 
nonlocality of two-qubit and three-qubit states, respectively. 

Our results are different from that of previous articles, it is because we model the qubit 
by a two-level semiclassical detector coupled to a massless scalar field, while previous papers 
directly adopted the global Unruh modes to describe the qubit. A big difference is that 
the accelerated qubit in our model will interact with the Rindler particles, but the Unruh 
modes is free fields without any influences of external forces. The influence of external 
forces will enhance the loss of information. Therefore, we show that bipartite entanglement 
occurs "sudden death", and tripartite entanglement vanishes in the infinite acceleration 
limit. Furthermore, the maximal expectation values of CHSH and Svetlichny inequality, at 
a finite acceleration, will be smaller that 2 and 4, respectively. 
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